Current wet chemical methods for the speciation of sulphur (S) in soils are inaccurate and do not allow one to assess the S speciation of individual soil particles and colloids. X-ray microscopy and Near Edge X-ray Absorption Fine structure Spectroscopy (NEXAFS) can be used to study individual species of S at the K-adsorption edge. We have used these techniques to identify and quantify S species in bulk soil, soil particles and colloids from Oh and Bh horizons of two forested Podzols. The partitioning of soil sulphur as determined on bulk samples of the Oh horizons by X-ray spectromicroscopy agreed fairly well with the results of a conventional S speciation for the soil at Schluchsee, and reasonably well for that at Rotherdbach. The NEXAFS analyses on individual soil particles revealed that they are richer in reduced organic sulphur than the bulk soil for the Schluchsee Oh and richer in sulphate for Rotherdbach Oh. The techniques can be used reliably to separate and quantify sulphur species with different oxidation states in the soil. The combination of X-ray transmission and sulphur fluorescence images with unfocused and focused NEXAFS spectra at the K-adsorption edge of sulphur at specific microsites allowed us to compare the distribution of S species in bulk soil with that of distinct soil particles and soil colloids. Moreover, we can use it to assess the spatial distribution of different S species on soil particles on a scale of a few hundred nanometres.
Introduction
Sulphur (S) is needed by plants and microorganisms, and its speciation in soil is intimately linked with the chemical state of the soil, such as redox potential and acidity (Howarth et al., 1992) . Changes in the speciation of S in soils caused by pedogenetic processes and changes of the physico-chemical temporary environment (e.g. waterlogging) can therefore result in considerable changes of soil fertility. The importance of S speciation in soil contrasts strongly with the unsatisfactory status of current methods for studying it. At present, total S can be distinguished only into operationally defined fractions, which are either assessed directly by wet chemical methods, or calculated as arithmetic differences between analytically determined fractions. Error propagation results in considerable inaccuracy, particularly for the calculated S fractions.
Methods currently available for the assessment of different S fractions in soil include: 1 the determination of inorganic SO 4 2--S, including watersoluble SO 4 2-, adsorbed SO 4 2-, and precipitated SO 4 2-by extraction with NaHCO 3 , KH 2 PO 4 , or NH 4 F, and subsequent determination of the SO 4 2-concentration in the extract (Dick & Tabatabai, 1979; Prietzel & Hirsch, 2000) ; 2 the determination of HI-reducible sulphate, including S bound in ester sulphates, sulphamates, and inorganic SO 4 2- (Freney, 1961) ; 3 the determination of S bound in mercaptans, sulphoxides, sulphinic acids, and aromatic sulphonic acids by specific reaction with Raney nickel (DeLong & Lowe, 1961; Freney et al., 1970) ; 4 the determination of S bound in thiols and in organic disulphides by titration with AgNO 3 with an Ag 2 S-sensitive electrode without or after previous reduction (Strehl & Prietzel, 1999) ; 5 the determination of Cr-reducible S (total reduced inorganic sulphur; TRIS), including elemental S and reduced S bound in FeS and FeS 2 (Zhabina & Volkov, 1978) ; and 6 the determination of acid-volatile S (AVS), including FeS (Pruden & Bloomfield, 1968) . No analytical methods exist for the direct determination of organic S, of C-bonded S, and of organic hetero-atomically bonded S (ester sulphate S) in soil. These fractions must be quantified by difference (Tabatabai & Bremner, 1972) from the fractions mentioned above as follows: (i) C-bonded S ¼ total S less HI-reducible S, and (ii) ester sulphate S ¼ HI-reducible S less inorganic SO 4 -S.
The methods of DeLong & Lowe (1961) and Strehl & Prietzel (1999) can at least roughly differentiate the fraction of C-bonded S into several subfractions. Both, however, produce S fractions that are operationally defined and contain uncharacterized S species. We still lack a method that allows a direct and reliable speciation of sulphur in soil.
Near Edge X-ray Absorption Fine structure Spectroscopy (NEXAFS), also known as X-ray Absorption Near Edge Spectroscopy (XANES), has been used to distinguish and measure species of S in coal (Spiro et al., 1984) , petroleum and asphaltenes (Waldo et al., 1991; Sarret et al., 1999) , minerals (Suguira, 1980) , and biological samples (Pickering et al., 1998; Rompel et al., 1998; Prange et al., 1999) . It has also been successfully applied on humic substances isolated from marine sediments (Vairavamurthy et al., 1994 (Vairavamurthy et al., , 1997 and soils (Morra et al., 1997; Xia et al., 1998) . We therefore thought it should work for soil, and we investigated its suitability for the speciation of S in bulk soil and distinct soil particles. We report our results below.
Materials and methods

Material
We experimented with samples from Oh and Bh horizons of forest soils at Schluchsee and Rotherdbach. Both soils are Haplic Podzols carrying mature Norway spruce (Picea abies L. [Karst.]) forests. Schluchsee (elevation 1150 m above sea level) is 40 km southeast of Freiburg in the Black Forest (Germany). Rotherdbach (elevation 720 m) is 50 km south of Dresden in the Ore Mountains. A major difference between the two sites is that they have received disparate amounts of atmospheric S during the last decades. At Schluchsee, S deposition has never exceeded 20 kg ha À1 year
À1
, whereas the S input at Rotherdbach until 1990 exceeded 50 kg ha À1 year
. The soil samples were dried at 45 C, sieved through a 2-mm mesh sieve, and the fraction < 2 mm diameter was finely ground to particles < 20 m diameter. Strehl & Prietzel (1999) determined the species of S in the Oh horizons of both soils, using the method of Freney (1961) for determining HI-reducible S, their own method for thiol S and disulphide S, and the method of Dick & Tabatabai (1979) for watersoluble SO 4 2À -S.
Sample preparation
For the X-ray spectromicroscopic experiments, subsamples of the ground Oh and Bh material were suspended in deionized water (mass ratio soil:water 1:1000). After agitation, a small drop of the suspensions (2 l) was applied on an Si 3 N 4 membrane window (size 2.5 mm Â 2.5 mm; membrane thickness 100 nm; Silson Ltd, Blisworth, UK). The drop was evaporated at 20 C. This procedure resulted in a mixture of soil particles surrounded by colloidal bodies of water-soluble inorganic and organic soil constituents ( Figure 1a ).
X-ray spectromicroscopy
X-ray spectromicroscopy experiments were done with the scanning transmission X-ray microscope (STXM) at beamline ID-21 in the European Synchrotron Radiation Facility (ESRF) in Grenoble, as described by Barrett et al. (2000) . We used the combination of submicron focused X-ray beams with high flux and monochromaticity produced by an electron beam with an energy of 6 GeV and an electron current of 180 mA with an optimized high-resolution germanium zone plate (David et al., 2000) . This resulted in a photon flux of 0.4 Â 10 9 photons s À1 within the bandwidth of a double crystal Si <111> monochromator. The sulphur K-line X-ray fluorescence was recorded with an energy-dispersive 30-mm 2 highpurity Ge detector (Princeton Gamma-Tech) equipped with a thin (100 nm) polymer entrance window. The scanning transmission X-ray microscope at beamline ID-21 at the ESRF is the only instrument that allows for NEXAFS studies at the K-absorption edge of sulphur at E ¼ 2472 eV combined with fine spatial (< 100 nm) and spectral (0.5 eV) resolution. We selected areas of evaporated suspensions of the samples for which to produce X-ray transmission images. These revealed the distribution and the microspatial structure of the soil particles and colloidal bodies (Figure 1b) . Furthermore, we assessed the S content of distinct soil particles and colloids by taking X-ray fluorescence images on the S resonance line (Figure 1c ).
The energy position of the sulphur s ! p transition peak (white line) varies in the range between 2469 and 2483 eV, depending on the type of the S-containing compound (Waldo et al., 1991; Vairavamurthy et al., 1994 Vairavamurthy et al., , 1997 Morra et al., 1997; Xia et al., 1998; Sarret et al., 1999;  Table 1 ). Even though the absolute values obtained for various S species at different beamlines differ slightly from one another (Table 1) , and also between a solid sample and dissolved sample of a given compound (Pickering et al., 1998) , a strong correlation between the electronic oxidation state (Xia et al., 1998) of the S atom in an S-containing compound and the peak energy of the white line can be observed (Figure 2) .
We obtained NEXAFS spectra of the bulk soil and of selected microsites on distinct particles and surrounding colloidal bodies with a three-zone energy scan. We did so by irradiating the samples with X-rays in the energy range between 2455 and 2500 eV with stepwise increased energies and assessed the peak energies of the resonance lines of each spot of interest: we programmed the monochromator in a way to increase the energy of the X-rays irradiating the sample stepwise in 1.0-eV increments from 2455 eV to 2465 eV, and in 0.1-eV increments from 2465 eV to 2500 eV, with a dwell time (duration of irradiation with X-rays of a distinct energy) of 10 s. The zone plate was moved along the beam axis during the energy scan to compensate for the energy dependence of the position at which the zone plate was in focus and to keep the sample in focus at all times. The intensity of the fluorescence at the various energies was recorded. The accuracy of the monochromator of AE0.25 eV allows one to distinguish among different S forms by comparing the maximum energies of the white lines with the energies for standard compounds as summarized in Table 1 .
We assessed the speciation of S in the bulk soils by recording NEXAFS spectra with the zone plate removed and a 200-m order-sorting aperture (OSA) (unfocused mode). In this mode, a comparably large area (c. 0.13 mm 2 ) of the sample was analysed, integrating the signal from all material in that area.
This includes soil particles, colloids, and precipitates of watersoluble compounds which had dissolved in the deionized water during preparation of the suspension without respect to their microspatial structure. To check whether this technique provides data that are representative for the entire sample, we obtained unfocused NEXAFS spectra from two areas in each soil sample, with a distance of 0.5 mm between the centres of the two areas.
Additionally, NEXAFS spectra for selected microsites on and between soil particles (area < 0.1m
2 ), where the fluorescence spectra indicated large S concentrations, were recorded in focused mode (zone plate diameter: 400 m; outermost zone width: 100 nm; centre stop diameter: 90 m; order sorting aperture: 50 m) to obtain information on the S speciation at these microsites. We smoothed the original spectra using the Golay-Savitzky algorithm. Then we fitted major components into the spectrum as Gaussian-shaped resonance lines (Xia et al., 1998) and a co-tangent curve for the edge step ( Figure 3 ) using the program WINXAS 2.0 (Ressler, 1998) . We identified the various species of S in the sample by comparing the maximum energies of the determined resonance spectra with the respective maximum energies for standard compounds as summarized in Table 1 . Then we calculated their respective shares of the total S content by comparing the area under the peak of interest with the sum of all areas under the resonance peaks in the energy range between 2465 eV and 2483 eV. We excluded peaks at energies larger than 2483 eV to avoid interference by EXAFS phenomena. The absorption cross-section of the S white line peak is proportional to the number of 3p orbital vacancies in a single one-electron model, and thus increases as the oxidation state increases (Waldo et al., 1991; Xia et al., 1998) . Therefore we calculated the partitioning of total S into compounds with different electronic oxidation states of the S atoms with adjusted peak areas using the calibration curve of Xia et al. (1998) . The accuracy for the estimation of the percentage of each S group was reported by Xia et al. (1998) to be AE5-10%. In our study we accepted an accuracy of AE10% for the determined percentages of various S species.
Results
X-ray microscopy
The particles observed in a selected area of a sample with a conventional optical microscope (Zeiss Axioplan 2; objective 50 Â lD epiplan HD DIC; N.A. ¼ 0.5; magnification 1:50; Figure 1a ) were also visible with the X-ray microscope in transmission mode (Figure 1b) . By contrast, we could not detect the precipitates of dissolved compounds, which had appeared in the optical image, in the X-ray transmission image. The comparison between the transmission images and the S fluorescence images of the samples (Figures 1b,c) shows that most distinct soil particles are richer in S than the Sulphur speciation in soils by X-ray spectromicroscopy 425 surrounding colloidal bodies and precipitates of water-soluble inorganic and organic soil constituents. Large amounts of S occur on both sharp-edged particles (positions 1 and 3 in Figure 1c ) and well-rounded ones (position 2). However, some distinct soil particles obviously are devoid of S (particle P in Figure 1b) . The brighter area surrounding the soil particles compared with the average picture indicates the presence of increased amounts of S in that area.
Near Edge X-ray Absorption Fine structure Spectroscopy For both soil samples, the NEXAFS analyses at two different locations (positions A and B; distance A-B: 0.5 mm) in the unfocused mode resulted in identical spectra (Figure 4) . Obviously, the S speciation determined by NEXAFS in the unfocused mode provides representative speciation data for the entire sample, even though the absolute S contents of the residue of the evaporated suspension may vary between different locations in the evaporated drop, as shown by the different absolute fluorescence intensities for positions A and B of the Rotherdbach Oh sample (Figure 4b) .
According to the NEXAFS data, the sulphur in the Oh horizons of both soils comprised almost identical shares of C-bonded S (82 AE 8% and 84 AE 8%, respectively) and of sulphate S (17 AE 2% and 15 AE 2%, respectively), even though the absolute S contents of both samples as determined by Strehl & Prietzel (1999) with the LECO analyser were twice as large for the Rotherdbach soil as for the soil at Schluchsee (Table 2) . For both soils, the relative contribution of C-bonded S to their total S as determined by NEXAFS (82 AE 8% and 84 AE 8%, respectively) was slightly larger than the values that had been determined earlier by Strehl & Prietzel (1999) using wet chemical methods (70 AE 7% and 79 AE 8%, respectively; Table 2 ). The opposite was the case for the contribution of (organic + inorganic) sulphates to total S. The NEXAFS spectra did not allow us to distinguish between inorganic SO 4 2-and ester sulphate, since the S electronic oxidation states and thus the peak energies of inorganic and organic sulphate are identical. Experiments with reference substances showed that chondroitin sulphate (an ester sulphate; R-O-S-O 3 ), sodium Sulphur speciation in soils by X-ray spectromicroscopy 427 cyclohexanesulphamate (R-N-S-O 3 ), and inorganic SO 4 2-all had similar peak energies at 2482.5 AE 0.5 eV (Table 1 ). This accords with earlier findings of Morra et al. (1997) and Vairavamurthy et al. (1997) . Moreover, soil S comprises several reduced organic and inorganic S species with oxidation states between 0 and +1 (Table 1) , such as elemental S (0), organic polysulphides (+0.15), organic disulphides (+0.2), thiols and organic monosulphides (+0.5), and thiophenes (+1). The peak energies of these S species vary only within a range of 1.5 eV (Table 1) . Since the spectral resolution of the instrument used was AE0.5 eV and since the white line peak positions of various organic S compounds of one particular species may vary by up to 1 eV due to differences in local molecular binding environments, a correct identification and an accurate quantification of individual S species within that group is problematic (Xia et al., 1998) . Therefore we pooled the various S species in the peak energy range between 2471.9 eV and 2473.4 eV, including elemental S, organic mono-, di-, and polysulphides, thiols, and thiophenes in one group. In the following, this group will be termed 'reduced C-bonded S', since elemental S is generally negligible in well-drained, well-aerated soils (Freney, 1961) . According to the NEXAFS spectra, reduced organic species (e.g. thiols, organic mono-, di-, and polysulphides, thiophenes) constitute 43 AE 4% of the total S in both soils. About 20% (16 AE 2% and 21 AE 2%, respectively) of the total S is present as sulphoxides, and also sulphones constitute about 20% (23 AE 2% and 21 AE 2%, respectively) of total S. No sulphonate and no inorganic S 2-were detected in the Oh horizon of either soil ( Table 2 ). The partitioning between more oxidized C-bonded S (sulphoxides, sulphones) on the one hand and reduced C-bonded S (organic mono-, di-, and polysulphides, thiols, thiophenes) on the other as determined by NEXAFS and by the wet chemical method of Strehl & Prietzel (1999) agreed well for the Schluchsee Oh sample. With NEXAFS, 43 AE 4% of total S was attributed to the group of reduced organic S; the corresponding value obtained by the procedure of Strehl & Prietzel (1999) was 42 AE 4%. The agreement was worse for the Rotherdbach Oh sample, where according to NEXAFS also 43 AE 4% of total S are reduced C-bonded S forms, whereas the proportion of that species determined with the wet chemical method was only 26 AE 3%. A comparison of the NEXAFS spectra taken for microsites on distinct particles and colloids adjacent to the particles in the focused mode with the spectra obtained for the bulk samples in the unfocused mode (Figure 5a ) generally shows the strongest signals for the particles. On the other hand, the S fluorescence signals of S-rich colloidal bodies in the area adjacent to the particles are an order of magnitude weaker than the bulk soil signal. Nevertheless, S speciation could be performed successfully on the colloids as well as the S-rich gels surrounding the soil particles. In Figure 5 (b), the S fluorescence signals at several photon energies are plotted after normalization to equal heights for the respective absorption edge step (factor 1.0). We can see differences in S speciation between the bulk soil sample, a distinct particle, and a colloidal body. The increased signal at 2473 eV and the strongly decreased signal at 2482 eV show that the particle of the Schluchsee Oh horizon is richer in reduced S compounds (mainly reduced organic S; some inorganic sulphide), and poorer in sulphate, sulphones, and sulphoxides than the bulk soil (Table 3 ). The colloidal body is also richer in reduced S forms and poorer in oxidized S compounds than the bulk soil. Yet its ratio of oxidized S forms to reduced S is larger than that of the particle because of the larger proportions of sulphates and sulphoxides than of reduced C-bonded S.
In the Rotherdbach Oh sample, the two sharp-edged particles contain more reduced organic S (28 AE 3% and 25 AE 3%, respectively) than the well-rounded particle (19 AE 2%). As with the Schluchsee soil, all three particles contain less sulphoxides and sulphones than the bulk soil (Table 3) . In contrast to the Methionine and thiophene S included in this fraction.
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Schluchsee soil, however, the particles contained much more sulphate.
For the bulk soil of the B horizons of Schluchsee and Rotherdbach, and also for distinct particles of the Schluchsee Bh horizon, the S contents were too small for reliable S speciation with NEXAFS with the applied dwell time of 10 s. For the Bh horizon of Rotherdbach, a NEXAFS scan could be analysed successfully. The results (Table 3) show that the particle in the Bh horizon had a considerably smaller proportion of sulphate (11 AE 1% of total S), but larger proportions of sulphoxides (28 AE 3%) and reduced organic S (32 AE 3%) than the soil particles in the Oh horizons. The partitioning between sulphate S and non-sulphate (¼ C-bonded) S for the bulk soil of the Rotherdbach Bh horizon as determined by Freney's (1961) method was 175 mg sulphate S kg À1 (40% of total S) and 265 mg C-bonded S kg À1 (60% of total S). A comparison of these values with the S speciation of the soil particle by NEXAFS indicates that relative to the bulk soil the particle is much richer in reduced organic S compounds (thiols, organic monosulphides, and sulphoxides) and considerably poorer in sulphate.
Discussion
For the first time we have shown that NEXAFS can be used for the identification and quantification of various sulphur species in entire soil samples without further pretreatment besides creating an aqueous soil suspension. The agreement between the relative contribution of C-bonded S and sulphate S as determined by NEXAFS (unfocused mode) and by conventional methods was evidently good. This, together with the fact that scans taken at several locations resulted in identical spectra, shows that the NEXAFS procedure can distinguish the various species of S in soils directly and reliably. Most conventional methods provide only operationally defined S fractions with no precise attribution to specific chemical properties. By contrast, NEXAFS enables us to discriminate S species with different electronic oxidation states, which are clearly defined physico-chemically. A disadvantage of NEXAFS, however, is that different S species containing S atoms with identical or almost identical oxidation states cannot be distinguished from each other. The technique thus fails to distinguish between ester sulphates, sulphamates, and inorganic SO 4 2-in soil. Moreover, it is impossible to discriminate precisely between various reduced organic S species with oxidation states in the range between 0 and+1 (thiols, organic mono-, di-, and polysulphides, thiophenes) if a soil contains a mixture of these S species.
Our results show that the Oh horizons of the two soils have a fairly similar partitioning of their total S content, even though the latter was twice as large for Rotherdbach as for Schluchsee (Table 2) , probably because it has received so much S from the air. Obviously, the increased input of atmospheric S at Rotherdbach resulted in a similar enrichment of S in all the forms of S studied. Concerning the partitioning between C-bonded S on the one hand and sulphate S on the other, this finding accords with the results obtained from wet chemical procedures by Strehl & Prietzel (1999) . However, within the C-bonded S fraction, Strehl & Prietzel (1999) reported larger proportions of the more oxidized C-bonded S subfraction, comprising sulphoxides, sulphones, and sulphonates, at the expense of reduced C-bonded S for Rotherdbach than for Schluchsee. In the present study, the ratio of reduced C-bonded S to more oxidized S-bonded S was similar for the two soils. The discrepancy between the results of both methods for the Rotherdbach soil is probably caused by a limited comparability of the two methods for different subgroups of the C-bonded S fraction. Thus, in contrast to the XANES technique, the wet chemical method of Strehl & Prietzel (1999) does not recover methionine and thiophene as reduced C-bonded S, and the recovery of various organic disulphides Figure 5 Comparison of NEXAFS spectra at the K-adsorption edge of sulphur taken from bulk soil, a distinct soil particle, and a colloid of the Schluchsee Oh sample: (a) absolute fluorescence signals; (b) fluorescence signals normalized to the edge step. Table 3 Contribution of various S species to the total S content in distinct particles, colloidal bodies, and the bulk soil as determined by NEXAFS (focused mode). Reduced C-bonded S includes thiol S, organic mono-, di-, and polysulphide S, and thiophene S. All values are percentages ranges between 67 AE 5% for D-penicillamine disulphide and 140 AE 3% for dithioglycolic acid (Strehl & Prietzel, 1999) . The increased proportion of reduced organic S and the decreased proportion of sulphate in the distinct particle in the Schluchsee Oh sample compared with the bulk soil of that horizon can be explained by the fact that sulphur in water-soluble organic and inorganic soil constituents (humic and fulvic acids, adsorbed and precipitated sulphates) consists primarily of oxidized S (SO 4 2--S, ester sulphate S, sulphonate S; Morra et al., 1997; Strehl & Prietzel, 1998; Xia et al., 1998) . The water-soluble constituents get partly or completely dissolved and removed from the particle when the sample is suspended in water during preparation for X-ray spectromicroscopy. By contrast, most inorganic sulphides are insoluble in water. This is also true for organic disulphides, which are located mainly in the interiors of humic macromolecules as structural elements (Vairavamurthy et al., 1997) , and probably also for the majority of organic monosulphides and thiols that are present in soil.
The proportion of reduced organic S in the colloidal body of the Schluchsee Oh sample is slightly larger than in the bulk soil, and the proportions of sulphate and oxidized C-bonded S are smaller. This feature represents the intermediate character of the colloids. They are supposed to be more hydrophilic than the distinct particles, but less hydrophilic than those compounds (inorganic salts, dissolved organic matter) that have dissolved during sample preparation. Previous studies of Strehl & Prietzel (1998) done with samples of the Schluchsee Oh horizon and also with O horizons of another forest soil have shown that hydrophilic, water-soluble constituents of these horizons are characterized by large concentrations of ester sulphate, whereas hydrophobic compounds are characterized by large concentrations of C-bonded S (Morra et al., 1997) . Xia et al. (1998) also observed that fulvic and humic acids primarily consist of highly oxidized organic S species, namely ester sulphates and sulphonic acids. Unlike at Schluchsee, the particles in the Rotherdbach Oh horizon had larger concentrations of sulphate than did the bulk soil. This might be due to an increased formation of insoluble sulphate esters under conditions of strongly increased atmospheric S input (Fitzgerald, 1976 ), but also due to an increased formation of organic Al-SO 4 complexes at external or internal surfaces of humic substances and organo-mineral associations.
In this study, a speciation of S with NEXAFS with a dwell time of 10 s was possible only for the O horizons of the soils, and the B horizon of the Rotherdbach soil, which had a total S content of 440 mg kg
À1
. The fluorescence signal of the Schluchsee Bhs horizon (total S content: 138 mg kg À1 ) was too weak for a reliable discrimination and quantification of different S species. However, an assessment of S in mineral soil horizons with small contents of S should be possible when the dwell time is increased accordingly. In summary, we showed that X-ray spectromicroscopy is a powerful tool for the S speciation in soils. Potential fields for the future application of X-ray spectromicroscopy in soil sulphur research include studies on the relevance of different reduced organic and inorganic S forms (thiols, inorganic S 2-) for heavymetal complexation (Xia et al., 1999) , but also the assessment of the S biogeochemistry of freshwater and marine wetland soils.
Conclusions
X-ray spectromicroscopy can evidently enable us to identify and quantify several species of sulphur with different electronic oxidation states of the S atom reliably. The combination of X-ray transmission and sulphur fluorescence images with unfocused and focused NEXAFS spectra at the K-adsorption edge of sulphur taken at defined locations allows us to compare the distribution of S species in bulk soil with that of distinct particles and colloids. Moreover, it allows us to assess the spatial distribution of different S species on soil particles on a scale of a few hundred nanometres.
